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Background
• Raised in Shelburne Falls, MA (Berkshire
mountains)
• BS at Worcester Polytechnic Institute, Worcester,
MA
• Trainee for FHWA
– New Hampshire, Rhode Island, Buena Vista, CO and
McLean, VA (Turner Fairbank Highway Research
Center)

• Research engineer for FHWA (14 yrs)
– Trainee
– Led NDE Validation Center Project
– NDE Program Manager

• MS, University of Missouri
• PhD, Johns Hopkins University, Material Science and
Engineering, R. Green Adv.
– Acoustoelastic Measurement of Stress in Prestressing Tendons

• Professor at Mizzou (18 years)
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• Glenn Washer, Missouri / SBRITE
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• Robert Connor – Purdue / SBRITE
– Curtis Schroeder, PhD
– Lesley Campbell, PhD
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– Steel Bridge Research, Inspection,
Training, and Engineering Center
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What is Reliability

What is reliability?
• Often a misused term
• What do you mean when you say reliability?

– Always get the “right” answer
– Ability of an element or component to operate safely under designated operating conditions
for a designated period of time.(NCHRP 12-82)
– Measure of the ability of a system to perform its intended function under a given set
of operating conditions.
• What is the “intended function”

– Must be defined to make a meaningful measure of reliability
– Examples
» Detect delamination in x
» Detect a crack in x
» Detect section loss in x

• As compared with…….

– Method of determining the correctness of decisions
– E.g., reliability of Impact echo (IE) as compared with sounding
– Engineered defects

NDE Reliability
Reliability For NDE: The ability of an NDE system to
perform its intended function under designated operating
conditions

𝑅𝑅 = 𝑓𝑓 𝐶𝐶 − 𝑔𝑔 𝑆𝑆 − ℎ(𝐻𝐻𝐻𝐻)

C= Intrinsic capability – how it works in the lab, best performance
S = Situational factors – Defect characteristics, access, materials variations, weather
HF = The human factor

Reliability vs Quality
• “Quality” is inversely proportional to variability

– The good quality of an entity means that its quality dimensions have little or
no variation from target values
– For Bridge inspection, this means that procedures meet requirements,
practices correctly implement procedures, and the inspection results meet
target values.
• Bridge length (ft), condition rating (1-9), quantity estimates for elements

• Sometimes quality and reliability are close or the same

– Example: VI ability to determine the quantity of damage in element level
inspection
• Is the quantity consistent between inspectors? – Quality
• Is the quantity consistent with ground truth? – Reliability

Some definitions…
• True Positive (TP) – NDE technology reports a defect, and the defect is
confirmed at that location
• False Positive (FP) – NDE technology reports a defect, but no defect is
confirmed at that location
• False Negative (FN) – NDE technology reports no defect, but a defect
is confirmed at that location
• True Negative (TN) – NDE technology reports no defect, and no defect
is confirmed at that location
• Ground truth – Confirmed location of defects
– Appropriate methods of finding ground truth are needed
– Should have higher reliability than the method being analyzed
• Physical sampling
• Engineered defects

How can reliability be measured?

Simplest (and least informative) Method
• Accuracy

– Subject to population bias
– Several variations
• # of correct calls (TP)/total

– 15/20 defects were detected

• TP/no. of observations

– 100 inspectors looked at the crack, 4
detected the crack

• A deck has 3% damage areas,
the NDE technology detected
none = 97% accurate
• A deck has 3% damage, NDE
detected 25% damage including
all the damaged areas – 100%
detection rate?
– What is the impact of false calls?

No. correct
Accuracy =
No. of cases
No. of TP
Sensitivity =
No. of actually positive
No. of TN
Specificity =
No. of actually negative

Probability of Detection (POD)
• Widely used in the aerospace industry
• Describes likelihood of crack detection as a function of
crack length (a)
– Based on hit/miss data from a population of flaws

• What is the largest crack that might be missed?

– Basis for inspection planning when a critical crack size can
be determined

• Produces likelihood of crack detection as a function of
length
– Ex. Length - a90/95 = 90% likelihood of detection with 95%
confidence

𝑃𝑃𝑃𝑃𝑃𝑃 𝑎𝑎 =

exp 𝛽𝛽0 + 𝛽𝛽1 𝑎𝑎
1 + exp 𝛽𝛽0 + 𝛽𝛽1 𝑎𝑎

Receiver Operator Characteristic (ROC)
• Widely used for analysis of diagnostics (medical field)

•
•
•
•

– Example: Detection of disease
– Initially developed for assessment of radar signals to set thresholds for
detection of objects

Considers all possible NDE output (TP, TN, FP, and FN)
Provide a quantitative reliability index
Easy to implement for non-statistician
Provide for comparison purposes NDE technologies

– Draws the TPR on the vertical axis vs. the FPR on the horizontal axis.
– Considers all possible threshold settings.
– Area under the ROC curve (AUC) is a measure for the diagnostic system
performance (reliability).

ROC Analysis – NDE signal distribution
Very high
thermal
contrast

Very low
thermal
contrast

Better than guessing line
≤ th =
Negative ≥ th =
Positive

1, 1

0, 1

4
3
Positives
TPR

Negatives

5

4

3

2

2

1

Thermal Contrast

1
0, 0

FPR

5

Effect of Threshold Setting GPR Data Bridge A2111
- ROC considers all threshold values possible
43% damage
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Defects in Bridges
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Damage Modes For Steel Bridges – Corrosion

Damage Mode: Section Loss
Det. Mechanism: Corrosion

Damage Modes for Steel Bridges
• Cracking of steel components
– Fatigue cracking
– Fracture

Concrete components
• Corrosion damage
• Subsurface damage – Delamination

– Iron oxide(s) 6-10 times the volume of steel

Delam

Steel Reinforcement

Types of delamination/debonding

Debonding
Delam under overlay
Shallow Delam
21

NDE and Damage Modes for Bridges
• Not all defects are the same
• Key parameters of the defect that relate to the NDE technology being
used need to be included in any analysis of reliability
• Concrete Delamination
– Depth of the damage
– Thickness of the delamination
– Flat / rough / parallel with the surface
– Surface conditions
– Weather conditions and moisture in the deck
– Etc.

• Cracks

– Crack vs volumetric defect
– Orientation relative to sensor
– Roughness of crack
– Etc.

Visual Inspection of Highway Bridges

Bridge Inspection Data
• Currently, inspection data is recorded in two formats
– NBI data, 0 – 9 scale, bridge “components”

• Deck, Superstructure, Substructure
• Compares current condition to original condition
• Assesses the safety impact of damage (to a degree)

– Element-level data
•
•
•
•

NHS bridges
Bridge elements by quantity
4 condition states (good, fair, poor, severe)
Quantities recorded for each condition state

– E.g., 1000 sq ft bridge deck: Deck has 200 sq ft in CS 3, 400 ft in CS 2, and 400 ft in CS 1

• Does not assess the safety impact of damage

– Except CS 4, which generically “requires engineering review”

• CS are defined for different defects
– E.g., spalling, cracking

FHWA VISUAL INSPECTION RELIABILITY STUDY - 2001
Component-level inspection data was collected from 1973 – 1998 without assessment of the quality of the resulting data. FHWA
performed a study beginning in 1998 on the reliability of the visual inspection for highway bridges

49 State Bridge inspectors from 25 States
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DECK DAMAGE BY SOUNDING
Multiple teams provided sounding results for a bridge deck in VA
Chart illustrates frequency of delamination detection per sq ft
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NDEVC
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Inspection Results
• Delaminated areas indicated by >= 5 teams

Center Span

South Span

More Recent study NCHRP12-104 – Washer, Connor, Hammed,
Jensen, Leshko, Karper, and Koonce
• Goal: Improve the quality of element-level bridge inspection data
• Objective
– Develop guidelines to improve the quality of element-level data collection
for NHS bridges in reference to the AASHTO Manual for Bridge Element
Inspection

• Field testing of inspection data quality conducted in two states
– Indiana – field and S-BRITE
– Michigan

Overview of Field Exercises
• Michigan and Indiana

– PS Concrete Bridges in Michigan
• 2 PS super and sub. inspection
• 2 RC decks

– Steel bridges in Indiana

• Routine inspections on twin steel bridges
• S-BRITE Center testing on focused activities

– ~10 inspectors in each state
– Inspector characteristics measured
• Experience, eyesight, etc.

S-BRITE Tasks
• Controlled inspection conditions
• Assess accuracy of spatial
estimates
• Compare use of units in a
standardized way
– Sq ft vs ft

Estimating Areas by % or by tally
% estimate

Tally

Corrosion damage in a truss

Key Finding: Gusset plates• 72 gusset plates assessed
• 19 in CS 4 by control
• 2 to 5 in CS 4 commonly
• High of 22
• 1/3 inspection reported no gusset plates in CS 4

Corrosion Damage in truss (ft.)

Element 107 - Steel Girder

Bridge deck results

Conclusions from the field trials (report from NCHRP 12-104
available on-line)
• Variation was on the order of greater than 50% of the quantity
being measured, based on statistical analysis of the data. (limited
sample set)
• Variation in the inspection data increased as the quantity of
damage increased.
• Rating of gusset plates for CS 4 was inconsistent
• Different methods of assessment resulted in different results (%
vs. tally)
• Inspector calibration exercises are needed to improve
consistency of the data
– Performance Testing – to ensure training has resulted in accurate ratings
– More later……

Condition Rating Results - NBI Data

Crack detection with Visual Inspection
FHWA Study
S-BRITE POD study

Crack Detection using Visual Inspection
• FHWA study in 2001

– Considered the accuracy of crack detection for in-depth inspections

• Indications correctly identified in 3.9% of weld inspections
• False calls made on 0.6% of weld inspections
• Only 41% of inspectors indicated the presence of any weld crack
indications

POD Study – SBRITE Center, Purdue
• 30 inspectors

– 16 State DOT, 12 private
firms, 2 federal agencies

• 70 cracks, 30 inspectors
– 2100 observations

• A50 = 1 in.
• A90 = 5-1/2 in.

NDE Technologies

TECHNOLOGIES
GPR AND IR

Objective
• Evaluate the reliability of GPR and IR for the purpose of detecting
areas of delamination bridge decks
• Motivation: The capabilities of NDE technologies are not well
understood in the highway community

– GPR has been widely used to detect deterioration (re: delamination and
other) in bridge decks for 40+ yrs.
– IR depends on the weather, analysis that includes subjective judgements,
and the characteristics of the defects

Basic Principles of IR Thermography
 Subsurface delamination creates perturbation in heat transfer through the concrete
𝒒𝒒𝒓𝒓𝒓𝒓𝒓𝒓 = 𝜺𝜺𝜺𝜺𝑻𝑻𝟒𝟒

Thermal Image of
surface temperature

∆𝑻𝑻 = 𝑻𝑻𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 − 𝑻𝑻𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄
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GPR – Amplitude Determination

Ali A. Sultan – April, 2017

Two highway bridge is Fulton, MO
•
•
•
•
•
•

Built in the same era
Exposed to traffic and deicing chemical
One with many patches, one with few
175/152 x 41 ft.
Ground truth with sounding, sampling, and IE
Moisture present on decks from previous rain

Bridge A2111

Bridge A2112

ROC Curves AUC to measure reliability
• IRT and GPR results

IR = 0.80
GPR = 0.68

IR = 0.85
GPR = 0.78

Results: Kansas Bridge A0295 – Dry, thin delaminations
First scan, 2 ft
from the curb
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Conclusions
• GPR detects conditions that lead to corrosion-induced delamination

– Sometimes, these occur at the same locations as defects
– Results showed GPR reliability based on likelihood of an area with moisture and
chlorides also having a delamination

• IR had generally higher AUC
– Depends on the weather

• ROC analysis provided an apples-to-apples reliability comparison for
the purpose of detecting delamination
• ROC is simple to implement and provides a measure of FPR
• Suitable for multidimensional defects
•

– Reliability is still based on the situational factors
– Not a measure of global reliability, a measure of reliability for this case

Ultrasonics in for Weld Inspection

Performance Testing of Inspectors
• UT and MT testing

– Utilize specimens with known flaws to qualify
inspectors
– Evaluate detection, sizing (length) and location of
indications
– AWS weld inspection procedures

52

Results of NDT

MT Length Results

54

UT Length Results

Amplitude Results for UT

UT Amplitude Results
55

Why is dB and Length Scatter a Concern?
Note how close Defect Classes are!

56

ROUND ROBIN TESTING – NCHRP REPORT 908
• Co-authors
– Robert J. Connor (PI) – Purdue University
– Curtis J. Schroeder – WJE
– Bridget M. Crowley – Schaefer
– Glenn A. Washer – University of Missouri
– Philip E. Fish – Fish & Associates

• Final Report published in June 2019
– Available for free download
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Round Robin Experimental Testing
• Circulated numerous plates with weld flaws
• 19 total flaws

• Collected scan results
• 4 PAUT technicians
• 5 Conventional UT technicians
• 2 TOFD technicians
• 1 FMC/TFM PAUT technician
• 1 Digital RT technician
58

Summary – Technician Variability



Average Detection Rate –PAUT – 64%; Conventional

UT – 78%

Average Rejection Rate –PAUT – 52%; Conventional

UT – 78%



Flaw Characterization



Significant errors in flaw height and length sizing

 Cracks – Reported as “cracks” 22% of the time
 Porosity – Reported as “cracks” 25% of the time
 False Calls – Reported as “cracks” 71% of the time
 Std. dev. of reported vs. actual flaw height
○ PAUT = 0.27”

 Std. dev. of reported vs. actual flaw length
○ PAUT = 0.48”; Conventional UT = 1.11”

Performance Testing
• Why?

– Ensure training and certification requirements have resulted in the
desire outcome (good performance in the field)

– Improve the quality of NDT inspections
– Ensure qualified technicians
– When implemented, results confirm that there is tremendous scatter in data from
current work force
• True on real bridges and in lab
• “Our guys are good” should not be assumed

• Serious and possibly costly decisions may be made based on the
results of the NDT
– You don’t want to miss real defects
– You don’t want to fix defects that are not there

60

Risk Based Inspection (RBI)
• Depends on attributes of bridge and existing damage
• Relies on inspection results to determine likelihood of poor
condition in the next 72 months

– NDT for bridge decks, if reliable, could provide a foundation for extending
inspection intervals
– In this case, showing a lack of damage can be critical

• Improved insight on current condition can help ensure extended
intervals are justified
– Detect damage not available for visual inspection
– Ensure low risk of serious damage

Conclusions
• NDE reliability assessments rely on defining the intended purpose
of the test

– Intended purpose needs to be appropriate
– Defect need to reflect the characteristics of population of defects that exists

• Variation is high for visual inspection
• NDE technologies also have high variation
• Performance Testing of system and inspectors can improve the
quality of outcomes
– Ensure qualified personnel
– Ensure the NDE technology succeeds for its intended purpose

• Several methods exists for assessing reliability

Questions?

